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In addition to diuresis and inotropic support, percutaneous support devices such as intra-aortic balloon pump (IABP) and more advanced temporary mechanical circulatory support (MCS) devices such as Impella (Abiomed, Danvers, MA), veno-arterial extracorporeal membrane oxygenation (ECMO), or Tandem-Heart (TamdemLife, Pittsburgh, PA) have become an integral part of the treatment paradigm. When needed, these therapies have become critical for patients with refractory cardiogenic shock as a bridge to recovery, implantation of more durable MCS devices such as left ventricular assist device (LVAD), or orthotopic heart transplant (OHT). 1 Among percutaneous devices, IABP is often considered early in the treatment of cardiogenic shock because of its relatively low cost, ease of implantation, and low complication rate. 2 Clinically, IABP support provides adequate short-term support. However, over time it often proves insufficient, leading to need for escalation to more robust temporary MCS devices. Recent advances in the latter have led to their growing utilization in cardiogenic shock over the past few years. 1 Furthermore, studies have demonstrated the hemodynamic superiority of Impella over IABP in the treatment of cardiogenic shock due to acute myocardial infarction (AMI), 3 while other studies have shown earlier implementation of percutaneous MCS helps to improve patient outcomes in the treatment of cardiogenic shock. 4 Thus, IABP support of cardiogenic shock, in particular when the patient condition calls for a more robust form of MCS, may lead to lost time and worsened patient outcomes.
Although IABPs have been well studied in cardiogenic shock complicating AMI, 5, 6 their hemodynamic effects in treating cardiogenic shock complicating non-AMI ADHF are less well understood. Furthermore, predictors of failure of IABP support are unknown in this population. Thus, given the potential opportunity cost of inadequate IABP support, understanding such predictors may help identify patients at risk of IABP support failure or improve up-front selection of temporary MCS devices over IABP support. Thus, the present study sought to characterize the hemodynamic changes following IABP implantation in cardiogenic shock complicating non-AMI acute decompensated heart failure, and find characteristics at the time of IABP implantation that predict worsened in-hospital outcomes and failure of IABP support.
Methods

Patient population and outcomes
A retrospective analysis was performed of all consecutive adult patients (age ≥ 18 years) hospitalized at a single tertiary-care hospital between July 2010 and June 2015 that underwent placement of an intra-aortic balloon pump. The study was approved by the institutional review board of the Johns Hopkins Medical Institution.
The target study population comprised patients with known or newly diagnosed cardiomyopathy who required IABP for treatment of cardiogenic shock. Patients were excluded if they underwent IABP placement for AMI. Patients were also excluded if IABP was placed for refractory coronary ischemia, cardiac arrest, periprocedural support (including post-cardiotomy), severe valvular disease, and acute stress cardiomyopathy. Patients were included if they had a known or newly diagnosed cardiomyopathy and underwent IABP placement for treatment of acute cardiogenic shock, which was defined as a systolic blood pressureb 90 mmHg for at least 30 minutes with evidence of poor end-organ perfusion or need for inotropic support. All included subjects had a pulmonary artery catheter placed prior to or at the time of IABP insertion for hemodynamic monitoring.
Baseline clinical, laboratory, and echocardiographic characteristics were recorded. Echocardiographic data were obtained from admission echocardiogram or echocardiogram obtained just prior to hospital admission. Hemodynamic parameters and mixed venous oxygen saturations from the pulmonary artery catheter were recorded from a baseline time point (defined as prior to IABP insertion) and at 12-hour intervals after IABP insertion up until 48 hours post IABP. Left ventricular cardiac power index (LVCPI), defined by the product of flow and the mean arterial pressure (MAP) against which the left ventricle contracts, is a variable that has been shown to predict mortality in AMI cardiogenic shock; 7 we thus investigated this variable as well. LVCPI was calculated as CI × MAP divided by 451, whereas right ventricular CPI (RVCPI) was calculated as CI × mean pulmonary arterial pressure (mPAP) divided by 451. Units for both were expressed as W/m 2 . Adverse events were defined as a composite of death despite IABP support, or need for emergent MCS escalation for refractory cardiogenic shock (defined as need for Impella, ECMO, or emergent LVAD for continued decompensation despite IABP support). Favorable clinical outcomes were defined as survival to hospital discharge or successful bridge to durable LVAD or OHT.
Statistical analysis
Comparison of continuous variables between patient groups was done using Student t test, or rank sum tests when necessary. For categorical variables, either χ 2 tests or Fisher's exact test, when necessary, was used. Temporal trends in hemodynamic variables were assessed using repeated-measures analysis of variance (ANOVA). To determine predictors of adverse clinical events, univariate logistic regression was performed of all baseline variables (all variables in Table I and). All variables reaching a significance of P b .2 with univariate analysis were identified as candidate variables. Candidate variables were eliminated from model building if collinear, which was defined by a variance inflation factor greater than 2. History of coronary artery bypass surgery was collinear with history of ischemic cardiomyopathy, while measures of RV cardiac power, cardiac output and index, and mean arterial blood pressure were collinear with LVCPI by nature of the mathematical calculation of LVCPI.
The final multivariable model was generated by stepwise regression using backward elimination of candidate variables, with a P value of .05 required for final inclusion; it was confirmed using forward selection and the same P value cutoff as well. Because of the known influence of age and sex on left ventricular (LV) cardiac power, 7 although age and sex did not meet the univariate P-value cutoff, they were forced into the final model. Survival free of adverse events for the first 28 days was studied using Cox proportional hazards regression and Kaplan-Meier survival function analysis. An IABP failure risk score predicting 28-day adverse events was generated from the significant predictors from the aforementioned regressions; significance was determined by log rank testing. Statistical analyses were performed using Stata 11.0 (StataCorp, College Station, TX).
Results
Cohort characteristics
Out of the 474 patients who underwent IABP placement at Johns Hopkins Hospital between 2010 and 2015, 400 patients were excluded, yielding 74 patients in the final cohort. (Figure 1 ). These patients all had known or newly diagnosed cardiomyopathy and underwent IABP placement for the treatment of cardiogenic shock complicating non-AMI heart failure. The vast majority of these patients had cardiogenic shock complicating a known cardiomyopathy (89%). Of the 74 patients, 15 patients (20%) survived to hospital discharge after successful IABP wean, while 38 patients (51%) underwent successful bridge to a durable LVAD (n = 33) or OHT (n = 5). Conversely, 21 patients (28% of this cohort) suffered an adverse event: 18 died with IABP support prior to any possible intervention, while 3 required urgent escalation of MCS (ECMO, n = 1; emergent LVAD, n = 2) (Figure 1) .
Those who suffered an adverse event-death while on IABP support or urgent MCS-had similar baseline demographics and co-morbidities as those who did not, with the exception that the former group had a significantly higher prevalence of ischemic cardiomyopathy (52% versus 15%, P = .001). This was concordant with a greater proportion of patients with a history of prior AMI and coronary artery bypass graft surgery in this group (Table I ). The final cohort was comprised of 26% ischemic cardiomyopathy (ICM) and 74% non-ischemic cardiomyopathy (NICM). Among those with NICM, approximately 50% were deemed idiopathic, while the other 50% comprised a range of causes including familial, autoimmune, and infectious. In the adverse event group, medication use was overall similar, except for less use of angiotensin converting enzyme inhibition and angiotensin receptor blockade (Table I) . Echocardiographically, patients with adverse events had less ventricular dilation (6.1 ± 1.3 versus 6.8 ± 1.3 cm, P = .03) and trended towards more right ventricular dysfunction (Table II) (Table II) .
Hemodynamic trends with IABP support
Hemodynamic parameters in the overall cohort were measured at baseline and at 12-hour increments for the first 48 hours after IABP placement ( Figure 2 ). By 12 hours, there was a significant decrease in heart rate and systemic vascular resistance and significant increase in cardiac index (P b .05). There was also a slight but significant decrease in systemic systolic and un-augmented diastolic blood pressures (P b .05); as expected with IABP support, this was accompanied by a slight trend towards increased augmented MAP. In concordance, there was a significant improvement in both right and left-sided filling pressures and pulmonary pressures (P b .05). When trended over time, there was also a significant, early, and sustained improvement in Figure 1 Flow diagram of retrospective patient review. Over 5 years, 474 intra-aortic balloon pumps (IABP) were placed, of which 74 were placed for non-AMI cardiogenic shock. Of these 74, 18 died despite IABP support while 3 required urgent escalation to an advanced MCS. Of those who survived, 15 did so free of advanced therapies, 25 required LVAD, and 4 required OHT. CAB, coronary artery bypass; SBP, systolic blood pressure; PA, pulmonary artery.
LVCPI (given the significant improvement in CI and preserved MAP) but no significant change in RVCPI (since the rise in CI was countered by a fall in mPAP) (P b .05) (Figure 2) .
Despite hemodynamic improvement, 28% of this cohort suffered an adverse event. Separating the cohort into those who did and did not develop adverse events revealed several important differences in hemodynamic trends. There was a significant difference in MAP over time between those who suffered adverse in-hospital events and those who were free of adverse events (i.e. successful bridging to LVAD/OHT or successful hospital discharge free of advanced therapies) (Figure 3) . Additionally, although both groups saw a significant early increase in CI, the event-free group sustained this improvement whereas the adverse event group saw a decline in CI between 24-48 hours; as a result, CI was also significantly different between both groups (Figure 3) . LVCPI, which is the product of MAP and CI, was thus significantly different between groups across the 48-hour time period (Figure 3 ). This mirrored the significant difference seen between groups just prior to IABP implantation.
Predictors of adverse events despite IABP support
We next sought to identify predictors of failure of IABP support from among baseline clinical and hemodynamic variables. Univariable regression with a threshold of P b .2 revealed several baseline variables predictive of adverse in-hospital events (Table III) . Testing for collinearity eliminated several variables from inclusion in multivariable modeling (Table III) . The final multivariable regression model revealed that history of ischemic cardiomyopathy (ICM) and low baseline LVCPI were the most powerful predictors of adverse in-hospital events. These remained significant even with inclusion of age and sex in the model, included because of their known effects on cardiac power. In the final multivariable model (Table IV) , for every 0.10 W/m 2 improvement in LVCPI, there was a 0.37 (95% 0.18, 0.79) decrease in adverse events (P = .01). Similarly, a history of ICM conferred a 10.4 (95% 2.2, 48.7) risk of adverse event (P = .003). Several comorbidities would complicate outcomes or candidacy for advanced therapies, such as history of hypertension, diabetes, chronic kidney disease, history of stroke, chronic obstructive pulmonary disease, and peripheral artery disease. These variables themselves were not significant enough to influence outcomes in our cohort, but by influencing candidacy for advanced therapy, they may have influenced the predictive power of ischemic heart disease. We tested this by regressing ischemic CM and adjusting for these variables specifically (Supplemental Table I ), but still found that ischemic CM was predictive of adverse outcomes in spite of these comorbidities. Hazard plots illustrate the probability of adverse events as a function of LVCPI in Figure 4 . Decrease in LVCPI at time of implantation had a steady and linear effect on increasing probability of adverse events ( Figure 4A ). Additionally, history of ICM magnified this probability over much of the LVCPI range ( Figure 4B ).
Given these findings, we next assessed the ability of LVCPI and ischemic history to predict 28-day survival free of adverse events. Using Cox proportional hazards regression, we found that LVCPI strongly predicted survival free of adverse events over the 28-days post IABP implantation (Hazard ratio 0.36 for every 0.1 W/m 2 increase in LVCPI, 95%-CI 0.18, 0.71, P = .003); meanwhile, ICM was a significant predictor of adverse events as well (Hazard Ratio 3.3, 95%-CI 1.0, 10.7, P = .046; Table V ). LVCPI and ICM history were next incorporated into a simple scoring system to predict adverse events following IABP support, with 1 point designated to a history of ICM and 1 point designated to an LVCPI Overall hemodynamic trends. Hemodynamic parameters were obtained just prior to IABP insertion (0 hours) as well as 12, 24, and 48 hours after insertion. Mean ± standard deviation at each time point is noted; time points were compared by one-way repeated measures analysis of variance. *Significant difference versus 0 hour time point (P b .05). After IABP insertion, there were significant decreases in heart rate, ventricular filling pressures, systemic and pulmonary pressures, and systemic and pulmonary vascular resistance. Cardiac index improved, as did left ventricular cardiac power index, but not right ventricular cardiac power index. RAP, right atrial pressure; PCWP, pulmonary capillary wedge pressure; SBP, systolic blood pressure; MAP, mean arterial pressure; DBP, diastolic blood pressure; PASP, pulmonary artery systolic pressure; mPAP, mean pulmonary artery pressure; PADP, pulmonary artery diastolic pressure; SVR, systemic vascular resistance; PVR, pulmonary vascular resistance; LVCPI, left ventricular cardiac power index; RVCPI, right ventricular cardiac power index.
b0.28 W/m 2 (for a possible total of 2 points). These two variables were chosen because they were the only variables predictive of adverse outcomes from Tables III and IV. The LVCPI cut point of 0.28 W/m 2 was chosen because it was the median baseline LVCPI in our cohort. As shown in Figure 5 , this simple IABP failure risk score strongly predicted 28-day adverse event-free survival in our cohort (P = .005). A score of 0 predicted over 95% adverse event-free survival at 28 days while a score of 2 predicted a steep drop in event-free survival within the first week (to approximately 50% by one week) and less than 20% survival at 4 weeks.
Discussion
IABP counter-pulsation remains poorly studied in the setting of cardiogenic shock in the non-AMI setting. The current study identifies a cohort of non-AMI patients requiring IABP for cardiogenic shock and finds that despite initial hemodynamic improvement, nearly 30% of patients failed IABP support and went on to die or require urgent escalation in MCS. Low LVCPI (b 0.28 W/m 2 ) at time of IABP implantation and history of ischemic cardiomyopathy proved to be the most powerful predictors of IABP failure. Moreover, a simple risk score incorporating these two variables powerfully predicted 28-day event-free survival. Given the ongoing advances in more robust forms of temporary MCS and the cost of using IABP support when more robust MCS options may be called for, these results suggest that an IABP failure risk score may identify patients with cardiogenic shock that may be at risk of further decompensation on IABP support. This group may warrant closer monitoring for the potential need for early escalation in MCS, or up-front consideration of more advanced MCS.
IABP counter-pulsation has been a mainstay in the treatment of cardiogenic shock for decades. 2 However, data supporting its use in cardiogenic shock is somewhat limited. Although commonly used in the setting of cardiogenic shock complicating AMI, the utility of IABP in this setting has been called into question by several randomized controlled studies. 5, 6, 8 That said, the significant crossover in some studies 5, 9 from the control arm to IABP limits such conclusions. Data regarding IABP use in cardiogenic shock in the non-AMI setting is sparse. One retrospective study of LVAD patients supported with IABP prior to LVAD implantation found that a significant proportion still worsened clinically prior to LVAD implantation. 10 Furthermore, this study did not capture patients with cardiogenic shock supported with IABP LVCPI trend by adverse outcome status. Mean ± standard deviation at each time point is noted; time points were compared by two-way repeated measures analysis of variance. * significant difference versus 0 hour time point (P b .001); †Significant difference between groups (P b .0001); ‡Significant effect of time/interaction term (P b .05). Those who suffered an adverse outcome (death or urgent MCS) had significantly lower mean arterial pressure (MAP) and cardiac index (CI) despite IABP insertion when compared to those who survived to hospital discharge or advanced therapies (LVAD/OHT). As a result, LVCPI, which is calculated from the product of MAP and CI, was significantly lower in those who suffered an adverse outcome than in those who survived to hospital discharge or advanced therapies.
that did not go on to LVAD. Another single-center study described the single-centered experience of the large volume IABP in cardiogenic shock due to a variety of causes, but did not draw conclusions about those that failed to derive sustained benefit with IABP alone.
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The current study thus sought to study IABP use for cardiogenic shock outside of the AMI setting. The vast majority of patients in the present study underwent IABP placement to stabilize cardiogenic shock complicating known, chronic systolic heart failure. The 48-hour hemodynamic improvements in our cohort were concordant with the known hemodynamic improvements of IABP support in AMI cohorts. 12 However, despite these improvements, a third of our cohort suffered an adverse in-hospital event. These rates are comparable to existing studies of cardiogenic shock in both the AMI and non-AMI setting, which generally quote a 40% mortality in cases of cardiogenic shock. 5, 13 Stratifying our cohort based on adverse events revealed that those who went to suffer an adverse event exhibited waning mean arterial pressure and cardiac index over their first 48-hours post IABP. Although potentially useful, such trends are arguably not surprising and are already commonly incorporated into existing clinical assessments. Furthermore, 48-hour trends do nothing to help predict IABP failure at the time of implantation.
Instead, predicting who might fail IABP support prior to implantation would more greatly aid in the treatment strategy of cardiogenic shock complicating chronic heart failure. The recent advancement of more advanced temporary MCS devices has revolutionized our ability to support patients in cardiogenic shock. 1 Even if IABP is used first, which is understandable given its relative ease of implantation and lower cost and complication rate, identifying a cohort at risk for faring poorly would allow for close monitoring and early consideration of MCS escalation if hemodynamic trends do not improve. However, choice of hemodynamic support often depends heavily on clinical expertise and judgment, as there are no clinical tools available to help choose between IABP and more advanced MCS devices.
Our data suggest that LVCPI and history of ICM together are useful predictors of IABP hemodynamic failure. Power is equal to the product of flow and pressure; thus the LVCPI, measured as W/m 2 , is defined as the product of cardiac index, or flow, and the mean systemic arterial pressure, divided by the constant 451. Although not clinically used, cardiac power has been shown to be a powerful predictor of clinical events.
14 In fact, LVCPI was the most powerful predictor of outcome in the Should We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock (SHOCK) Trial cohort. 7 It was also shown to be a useful predictor of decompensation prior to LVAD in the aforementioned study by Sintek and colleagues. 10 In the outpatient setting, cardiac power has been shown to help prognosticate patients with heart failure. 15 Ischemic cardiomyopathy (ICM) history, the other predictive variable in our cohort, has also long been known to predict worse outcomes in heart failure and is in fact a predictive variable in the original Heart Failure Survival Score. 16 It was also shown to be predictive of poor outcomes in those supported by peripheral ventricular assist device. 16, 17 The reason for poor in-hospital outcomes among ICM patients in our cohort was not entirely clear, as ICM history remained predictive despite adjustment in our cohort for atherosclerotic co-morbidities. Regardless, it is possible that ICM patients do poorly due to the sum of their age, prior surgeries, comorbidities and relative contraindications to advanced therapies, which would lead not only to worsened outcomes but also reduce the likelihood that they would be candidates for advanced therapies. An IABP failure risk score utilizing LVCPI and history of ICM in our cohort helped to predict not only those who would fare well with IABP support (score of 0), but also at high risk of failing IABP support (score of 2). Identifying patients in the latter group would help to identify a cohort better served by up-front consideration of more advanced therapies. Indeed, one retrospective study showed that early initiation of MCS leads to better survival than when MCS is delayed. 4 Whether this latter group would fare better with more advanced MCS remains speculative, as there are few data exploring this question. Studies comparing Impella to IABP in the treatment of cardiogenic shock complicating AMI have shown mixed results. 3, 18, 19 Furthermore, this group may just be a cohort of patients that would do poorly despite the intervention chosen. Alternatively, if IABP is pursued first, this risk score could help identify the cohort at high risk of IABP failure, thus prompting closer hemodynamic monitoring for potential MCS escalation. Regardless, our IABP Failure risk score would contribute to the clinical decision-making at the time of IABP insertion for cardiogenic shock, as there are presently no objective tools used to assess such patients. Importantly, data remain scant in this clinical space, and while the current study helps shed some light on this question, further work is necessary to validate this score in other populations and improve clinical decision-making in cardiogenic shock.
Limitations
This was a single-center retrospective study of IABP patients and thus limited by incomplete data, the particular patient population at this center, as well as the practice patterns of the center. IABP hemodynamic data were well recorded in our electronic record system and free of missing values, but still subject to error due to the lack of prospective standardization of data collection. Patients who suffered an adverse event on average had higher heart rates, which may have reduced IABP efficiency; 20 however, causality was difficult to discern retrospectively, as heart rate may have been a reflection of a less responsive cohort instead. Inflammation can play a significant role in outcomes in cardiogenic shock, 21 but unfortunately data on inflammatory markers were only sporadically available. Patients were studied from a 5-year period during which there was evolution in the use of advanced MCS as well as durable LVAD support in the treatment of cardiogenic shock. Given the retrospective nature of the study, reasoning for IABP implantation could not be systemically assessed. Finally, reasoning for advanced therapy candidacy could not be determined. As such, although we tried to adjust for comorbidities, it is possible that history of ICM was not itself the risk factor for poor outcomes but still a surrogate for comorbidities that precluded advanced heart failure therapies.
Conclusions
Despite significant hemodynamic improvement from IABP support in the treatment of cardiogenic shock in the non-AMI setting, many patients still fare poorly. In our cohort of cardiogenic shock patients undergoing IABP, low LVCPI (b0.28 W/m 2 ) at the time of IABP implantation and history of ICM helped to predict significantly poorer 28-day outcomes. This may represent a cohort that warrants up-front consideration of more advanced MCS support, or at least close monitoring and consideration of MCS escalation in the event that they do indeed fail IABP support. Further studies are needed to validate these predictors and improve clinical decision-making surrounding the best choice of mechanical support for refractory cardiogenic shock.
Supplementary data to this article can be found online at https://doi.org/10.1016/j.ahj.2017.11.016. Time (days) Adverse Event-Free Survival log rank P = .005
Adverse events as predicted by IABP Failure Risk Score. An IABP Failure Risk Score was generated for each patient at time of IABP insertion, with 1 point for a history of ischemic cardiomyopathy and 1 point for LVCPI b0.28 W/m 2 (score range from 0 to 2 points). A score of 0 powerfully predicted success of IABP support, while a score of 2 predicted poor outcomes with IABP support (log rank P = .005).
